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Critical  Current  in  YBCO  Coated  Conductors  in  the 
Presence  of  a  Macroscopic  Defect 

Milan  Polak,  Paul  N.  Barnes,  Pavol  Mozola,  and  George  A.  Levin 


Abstract — We  have  studied  the  effects  of  localized  defects  in  the 
YBCO  coated  conductors  on  the  critical  current.  The  artificial  de¬ 
fects  were  introduced  into  4,  10  and  12  mm  wide  tapes  as  cuts  of 
various  lengths  made  either  by  laser  ablation  or  mechanical  means. 
Transport  measurements  were  carried  out  in  an  external  variable 
magnetic  field  to  obtain  the  I-V  characteristics  of  the  damaged 
areas.  The  distribution  of  the  magnetic  field  in  the  vicinity  of  the 
defects  has  been  mapped  as  well.  The  reduction  of  the  critical  cur¬ 
rent  by  the  defects,  with  and  without  an  external  DC  magnetic  field 
are  discussed  and  compared  with  existing  theories.  A  criterion  for 
determining  the  critical  current  in  the  area  containing  a  defect  is 
suggested. 

Index  Terms — Coated  conductors,  defects,  HTS,  YBCO. 


I.  Introduction 

CURRENT-BLOCKING  obstacles  such  as  grain  bound¬ 
aries,  second  phase  precipitates,  pores,  micro-cracks,  etc. 
in  YBa2Cu307_x  (YBCO)  reduce  the  critical  current  density 
[1]  and  give  rise  to  an  inhomogeneous  current  distribution  in  the 
vicinity  of  these  defects.  Cracks  and  porosity  in  the  YBCO  layer 
produced  during  the  fabrication  process  of  the  high  tempera¬ 
ture  superconductor  (HTS)  YBCO  coated  conductors  can  limit 
the  critical  current  density  (Jc)  considerably  [2].  Additional  de¬ 
fects  that  can  reduce  Jc  may  be  introduced  during  the  handling 
of  the  tape,  for  example,  due  to  excessive  tensile  stress  [3]  or 
tape  bending.  If  the  superconducting  tapes  exhibit  a  “bowing,” 
then  additional  damage  can  occur  when  the  conductor  is  wound 
onto  cylindrical  formers  to  make  pancake  coils. 

Magneto-optical  imaging  (MOI)  and  scanning  laser  mi¬ 
croscopy  (SLM)  are  frequently  used  to  characterize  HTS 
samples  [4]— [8] .  For  MOI,  the  samples  are  often  quite  short 
(centimeters)  and  narrow  (to  reduce  the  currents).  It  may  be 
difficult  to  investigate  samples  from  the  tapes  without  their 
modification.  The  sensitivity  of  the  method  is  HT4  T  and 
limited  by  saturation  of  the  indicator  film.  Koyanagi  et  al. 
[5]  measured  the  local  current  flow  around  transverse  arti¬ 
ficial  defects  in  YBCO  deposited  on  SrTiOs.  The  sample 
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Fig.  1 .  Microphotograph  of  Sample  1  with  the  transverse  defect  7  mm  long  and 
the  6  pairs  of  the  potential  taps  (taps  1-6  on  the  left  side,  7-12  on  the  right  side 
of  the  defect).  The  table  shows  the  distances  between  the  taps. 

carried  various  bias  currents  and  the  current  distribution  in 
the  longitudinal  direction  was  affected  in  the  distance  smaller 
than  100  jim.  Abraimov  et  al.  [6]  used  low  temperature  laser 
scanning  microscopy  and  magneto-optical  imaging  to  study  the 
influence  of  transverse  defects  and  showed  the  existence  of  flux 
flow  channels  with  electric  fields  well  above  those  used  in  the 
definition  of  the  critical  current  (Ic). 

In  this  work,  we  studied  the  effect  on  I-V  curves  and  critical 
currents  caused  by  artificial  linear  defects  oriented  perpendic¬ 
ular  to  the  current  flow.  Using  a  sequence  of  voltage  taps  we 
also  measured  the  distribution  of  the  electric  field  in  the  vicinity 
of  the  defect  to  determine  how  far  from  the  defect  the  field  is 
distorted  and  whether  the  reduction  of  the  Ic  is  proportional  to 
the  size  of  the  defect.  We  also  measured  the  magnetic  field  in  the 
vicinity  of  the  defects  due  to  magnetization  currents  induced  in 
the  tape  by  ramping  up  and  down  an  applied  magnetic  field. 

II.  Experimental 

To  study  the  influence  of  defects  we  used  YBCO  coated  con¬ 
ductors  manufactured  by  Superpower,  Inc.  Sample  1  was  made 
from  a  12  x  90  mm2  tape  stabilized  by  a  20  jim  thick  elec¬ 
troplated  copper  layer.  Transverse  defects  of  various  lengths 
(1.9  mm,  3.5  mm,  5  mm  and  7  mm)  were  successively  made  in 
the  tape  center  using  a  micro-drill.  Several  potential  taps  were 
attached  to  the  tape  at  various  distances  from  the  defect.  Fig.  1 
shows  Sample  1  with  a  7  mm  long  defect  and  the  12  potential 
taps.  As  a  note,  the  location  of  potential  taps  changed  for  the 
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Fig.  2.  A  sketch  of  Sample  2  with  the  5  artificial  defects  made  by  laser  cutting. 
The  tape  width  is  10  mm,  the  length  is  65  mm. 


Fig.  3.  I-V  curves  measured  between  the  reference  tap  1  and  other  taps  (see 
inset)  in  Sample  1  with  defect  3.5  mm  long  in  external  magnetic  field  of  74  mT. 
The  dashed  line  corresponds  to  the  relationship  (5),  V  =  r0I.  The  intersection 
point  determines  the  critical  current  of  the  damaged  section. 

different  lengths  of  the  defect  as  the  taps  were  reapplied  several 
times. 

Sample  2  (Fig.  2)  was  a  10  x  65  mm2  tape,  covered  by  a 
3  tim  thick  layer  of  Ag.  Five  artificial  defects  (cuts  1  mm,  2  mm, 
3  mm,  4  mm  and  5  mm  long)  were  made  using  laser  ablation. 
The  width  of  each  cut  was  about  0.01  mm. 

Sample  3  was  a  4  mm  wide  YBCO  coated  conductor  covered 
by  a  ~  3  fim  thick  silver  layer.  A  defect  1  mm  long  in  the 
tape  center  oriented  perpendicular  to  the  tape  axis  was  made 
by  micro-drill.  A  pair  of  potential  taps  distanced  by  19  mm  was 
attached  to  the  tape  with  the  defect  between  them.  Results  and 
Discussion. 

A.  I-V  Curves  and  Critical  Currents 

For  Sample  1,  we  measured  the  I-V  curves  between  the  ref¬ 
erence  tap  1  and  tap  2,  1  and  3,  1  and  4,  etc.,  up  to  1  and  12  for 
each  of  the  defect  lengths.  As  an  example,  in  Fig.  3  we  show  the 
I-V  curves  measured  for  Sample  1  with  the  3.5  mm  long  defect. 
From  these  measurements  we  obtained  the  profiles  of  the  poten¬ 
tial  drop  Vi_n  as  a  function  of  distance  from  the  reference  tap  1, 
Li_n.  In  Figs.  4(a)-4(c)  the  profiles  Vi_n  are  shown  for  different 
lengths  of  defects  and  at  several  values  of  current.  As  depicted, 
the  voltage  rapidly  changes  only  in  close  proximity  to  the  de¬ 
fect.  This  indicates  that  the  electric  field  is  strongly  localized 
around  the  defect.  The  difference  in  the  voltages  measured,  for 
the  7  mm  defect  of  Fig.  1,  between  taps  6  &  7  (0.65  mm  apart) 
and  taps  1  &  12  (20  mm  apart)  is  very  small. 

As  a  consequence,  the  usual  criterion  for  critical  current 
Ic — the  magnitude  of  the  average  electric  field  between  the 
voltage  taps — is  not  applicable  to  the  situation  where  Ic  is 


distance  from  the  reference  tap  1 ,  L1  n  (mm) 

Fig.  4.  The  voltages  measured  for  Sample  1  between  Reference  Tap  1  and  other 
taps  vs.  the  distance  from  Tap  1,  L1-a,  measured  at  the  different  currents  indi¬ 
cated  in  the  figures  where  Sample  1  has  a  defect  length  of:  (a)  1 .9  mm  long  (only 
6  potential  taps  were  used  in  this  measurement),  (b)  3.5  mm  long,  and  (c)  5  mm 
long. 


determined  by  a  localized  defect.  Another  empirical  criterion 
needs  to  be  chosen.  As  the  data  in  Figs.  4  indicate,  the  potential 
drop  across  the  defect,  or  its  derivations  such  as  resistance 
r(I)  =  V /I,  can  be  an  objective  criterion  defining  Ic,  because 
it  is  independent  of  the  distance  between  the  voltage  taps. 
The  critical  current  Ic  defined  by  the  new  criterion  in  the  area 
around  a  defect  has  to  be  related  to  the  critical  current  I®  in 
the  undamaged  sections  of  the  same  conductor.  The  latter  is 
determined  by  the  commonly  accepted  criterion  of  the  electric 
field  Eq  =  1  /zV /cm,  according  to  the  relationship: 

E  =  E0  (JCj  EE  r(T)J,  (1) 
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Fig.  5.  Critical  current  Ic  defined  by  1  fi  V/ cm  at  zero  applied  field  and  B  = 
74  mT  as  a  function  of  the  defect  length. 


where 


r(I )  = 


E0 


7,1 —  1 


(2) 


Here  J  —  I /W  is  the  current  density  per  unit  width  (A/cm),  W 
is  the  tape  width  and  J J  is  the  critical  current  density  per  unit 
width  in  the  undamaged  sections. 

Here  we  will  define  critical  current  determined  by  a  defect 
in  terms  of  the  critical  sheet  resistance  vq.  In  the  undamaged 
section  of  the  conductor  at  J  =  J®  the  resistance  of  a  W  x  W 
square  of  the  tape  is  equal  to 


= 

TO 

critical  c 


(3) 


In  the  damaged  section  we  will  define  the  critical  current  by  the 
criterion  that  the  resistance  ofaWxW  square  that  includes  the 
defect  is  the  same  as  the  critical  resistance  of  the  undamaged 
section  of  the  same  conductor: 


in  a  field  of  B  =  74  mT  and  260  A  in  self-field.  This  cor¬ 
responds  to  the  critical  current  density  J®  =  108  A/cm  and 
J £  =  217  A/cm,  respectively,  with  corresponding  critical  re¬ 
sistances,  (3),  ro  =  0.93  x  10-8  Q  and  ro  =  0.46  x  10-8  Cl. 
Preliminary  results  shown  in  Fig.  5  indicate  that  the  critical  cur¬ 
rent  Ic  decreases  almost  linearly  with  increasing  defect  length. 
More  detailed  results  will  be  presented  elsewhere. 

B.  Magnetization  Currents  in  the  Vicinity  of  Defects 

Magnetization  currents  induced  in  HTS  thin  films  are  very 
sensitive  to  any  weak  points  since  the  electric  fields  in  magneti¬ 
zation  measurements  are  very  low.  In  Sample  2,  magnetization 
currents  were  induced  by  an  externally  applied  magnetic  field 
that  was  changed  from  0  T  — >  0.15  T  — ►  0  T.  The  magnetic 
field  produced  by  these  magnetization  currents  were  scanned  in 
the  vicinity  of  each  defect  by  a  micro  Hall  probe  with  a  sen¬ 
sitivity  of  ~100  mV/T.  The  magnetic  field  component  perpen¬ 
dicular  to  the  plane  of  the  tape,  Bsz,  was  measured  across  the 
width  of  the  tape  (x-coordinate)  and  at  various  positions  along 
the  length  of  the  tape  (y-coordinate)  with  y-steps  of  0.2  mm.  The 
field  maps  measured  in  the  vicinity  of  the  defects  with  a  length 
of  2  mm,  3  mm  and  5  mm  are  shown  in  Figs.  6(a)-6(c). 

The  distribution  of  magnetic  field  is  affected  by  the  presence 
of  the  defect  at  a  distance  y*  from  the  defect.  One  can  esti¬ 
mate  the  characteristic  distance  y*  as  being  1  mm,  1.75  mm  and 
2.5  mm  for  the  defects  2  mm,  3  mm  and  5  mm  long  respectively. 
According  to  [1]  the  nonlinearity  of  E{  J)  characteristic  results 
in  a  long-range  disturbance  of  the  electric  field  along  the  direc¬ 
tion  of  the  current  flow  on  a  scale  length  of  L||  ~  a(n/7r)1/2, 
where  the  defect  length  is  2a  and  n  is  the  exponent  in  (1).  For  our 
case  with  2a  =  2  mm,  n  =  20  we  obtain  L||  =  (20/7 r)1/2  = 
2.5  mm.  The  predicted  value  about  2.5  times  larger,  but  of  the 
same  order  of  magnitude  that  the  measured  value.  This  is  also 
the  case  for  longer  defects  where  the  theoretical  values  are  also 
larger  than  those  obtained  by  the  experiment  when  magnetiza¬ 
tion  currents  are  considered. 


For  example,  let  us  assume  that  the  critical  current  in  the  un¬ 
damaged  section  of  a  conductor,  determined  by  the  conventional 
criterion  (1),  is  108  A/cm.  This  corresponds  to  the  critical  sheet 
resistance,  (3),  ro  =  E0/J®  =  0.93  x  10-8  Cl.  In  the  damaged 
section  of  the  same  conductor  we  measure  the  potential  drop 
across  the  defect,  as  shown  in  Fig.  3,  and  define  the  critical  cur¬ 
rent  by  the  condition  that 

V(I)  =  Ix  0.93  x  10-8  SX  (5) 


C.  Transport  Current  in  the  Vicinity  of  a  Defect 

We  mapped  the  magnetic  field  in  the  vicinity  of  the  Sample 
3  with  the  defect,  carrying  a  current  of  44.9  A  in  a  magnetic 
field  of  93  mT.  This  current  is  very  close  to  the  critical  value  for 
the  sample.  The  3D  map  of  the  magnetic  field  is  shown  in  Fig.  7. 
The  data  show  that  the  current  flow  is  disturbed  due  to  the  defect 
over  the  distance  of  about  ±0.75  mm,  which  is  nearly  equal  to 
the  defect  length.  It  appears  that  in  the  presence  of  transport 
current  the  distance  over  which  the  current  flow  is  perturbed  is 
greater  than  in  the  magnetization  tests  shown  in  Fig.  6  without 
transport  current. 


The  advantages  of  this  definition  are  that  the  voltage  across  the 
defect  does  not  depend  on  the  spacing  between  the  voltage  taps 
and  that  the  critical  current  in  the  damaged  section  can  be  cor¬ 
related  with  that  in  the  nearby  undamaged  section. 

In  Fig.  5  the  degradation  of  the  critical  current  in  Sample  1 
caused  by  the  defects  of  different  lengths  is  shown.  The  voltage 
was  measured  across  the  defects  between  the  most  separated 
taps  (1  and  12).  Without  the  defects,  the  critical  current  is  130  A 


III.  Conclusion 

The  reduction  of  the  transport  critical  currents  in  12  mm 
copper  stabilized  YBCO  tape  due  to  linear  defects  of  different 
lengths  (aligned  perpendicular  to  the  current  flow)  scales  fairly 
well  with  the  length  of  the  defect,  especially  for  larger  defects. 
More  work  is  needed  to  clarify  this  issue  using  a  criterion  of 
critical  current  described  above. 
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Fig.  6.  The  magnetic  field  map  Bsz  (x,y)  in  the  vicinity  of  defects  in  Sample  2 
with  a  defect  of  length:  (a)  2  mm,  (b)  3  mm,  and  (c)  5  mm. 


The  electric  field  measured  along  the  axis  of  the  tape  with 
a  defect  is  strongly  non-uniform.  At  a  distance  greater  than  1 
mm  from  the  defect  and  for  currents  close  to  Ic  the  electric  field 
is  small  and  is  practically  unaffected  by  the  defect.  The  electric 
field  is  strongly  localized  in  the  vicinity  of  the  defect.  As  a  result, 
the  voltage  drop  across  the  linear  defect  is  practically  indepen¬ 
dent  of  the  distance  between  the  voltage  taps  as  long  as  they  are 
separated  by  a  distance  greater  than  1  mm.  We  suggest  that  the 
voltage,  rather  than  the  average  electric  field,  is  an  appropriate 
criterion  for  determining  how  the  critical  current  is  degraded  by 
a  defect. 


Fig.  7.  3D  map  of  the  magnetic  field  in  the  vicinity  of  the  defect  where  Sample 
3  carries  a  transport  current  of  44.9  A  in  an  external  magnetic  field  of  93  mT. 


The  Hall  probe  magnetic  measurements  of  the  magnetic  field 
due  to  magnetization  currents,  measured  above  the  surface  of 
a  sample  containing  a  linear  defect  revealed  that  the  distribu¬ 
tion  of  the  magnetization  currents  is  distorted  over  a  distance 
approximately  half  the  length  of  the  defect.  The  perturbation  of 
the  current  flow  by  a  defect  is  more  pronounced  in  the  presence 
of  the  transport  current 
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